Absfract -In this paper, we present a general method to calculate the inverse dynamic models of parallel robot. The model is expressed in terms of one equation, which is a function ofthe dynamic models of the legs, the dynamies of the platform and three Jacobian matrices. The method is applied on four robots with different degrees of freedom and different structures.
I. INTRODUCTION
The dynamic modeling is important for high performance control algorithms, and for their simulation. The dynamic modeling of parallel manipulators presents an inherent complexity due to their closed-loop structure. To obtain the dynamics of parallel robots, many methods have used the classical procedure of computing the dynamic model of an equivalent tree struchue, then the system constraints are considered by the Lagrange multipliers [l-51.
The principle of virtual work have been used in [6, 71. The Newton-Euler formulation has been applied as well, in [S-
121.
This paper proposes a closed form solution for the complete inverse dynamic models. The models are obtained in terms of the dynamics of the legs, and at most three Jacobian matrices. Consequently, the computational complexity of the obtained models can be reduced by making use of the techniques, which were developed many years ago for the serial robots.
In this paper, we apply this method to some known structures with various degrees of freedom. The following structures will be treated -The well lmown Gough-Stewart platform, which bas six degrees of freedom, and 6 legs [ 131, -The Space robot, which has six degrees of hedom, and 3 legs with two motorized joints on each leg [ 141,
-The C5 six degrees of freedom robot [ 151, -The Delta robot, which has four degrees of freedom consisting of three translational and one rotational [16] . The paper i s organised as follows: in section 2 we present the general solution of the inverse dynamic modeling, then the different examples will be given in the subsequent sections.
II. General dynamic modeling of parallel robots
A parallel robot is a complex multi-body system having several closed loops. It is composed of a moving platform connected to a fmed base by parallel legs. Each leg can be considered as a serial structure. The platform has n degrees of fkeedom.We consider non redundant robots thus the system has n motorized joints, the other joints are passive. The inverse dynamic model gives the motorized forces and torques as a function of the desired trajectory of the mobile platform. Using the inverse geometric and kinematic models of the legs we can compute the joint positions. velocities and accelerations of the legs (q,,q,,q>)in terms of the platform position, velocity and acceleration.
For a stnrcture with closed loops, the classical procedure for calculating the inverse dynamics consists in opening the structure to fmd an equivalent tree structure and then the active forces of the motorized joints (the robot inverse dynamic model) are calculated by the following general form [17,18] :
H , =r,,repreeents the inverse dynamic model of the equivalent tree structure, it is computed in terms of the joint variables (q,, , q,, , 4, ) .
G is the Jacobian of the tree structure variables q,, in terms of the active variables q
The demonstration of relation (1) is straightforward using the principle of virtual work which states that:
For parallel robots, we propose the use of this general form on the minimal tree structure which consists of separating the platform from the legs, the obtained reduced system is more easier than keeping the platform connected to one leg [19] . In general the platform dynamics is easier to calculate as a function of the Euler variables (spatial Cartesian velocity and acceleration of the platform), whereas the dynamics of the legs are easier to calculate as a functionofthejointvariables ofthe legs(qi,q,,qi). To transform the dynamics of the platform into the motorized joint space we have to multiply it by the transpose ,of the robot Jacobian which is classically to' obtain, whereas transforming the leg dynamics into the active joint space we have to use the Jacobien between these two spaces which is not a classical relationship in the modeling of parallel robots. Thus the dynamic model of the parallel struchue is given by the following general form: Ms, designates the (3x3) skew matrix associated with the vector MS, ,
yp ( We can rewrite (9) as:
With J, :' is the inverse Jacobian matrix of leg i. vi is the Cartesian velocity of the terminal point (or h e ) of leg i, vp is the Cartesian spatial velocity of the platform.
Transposing equation (10) we obtain:
Finally, using equations (4) and (11) The minimal degrees of freedom equivalent tree structure is obtained by isolating the platform. In this tree structure, each leg bas only three joints.
Assuming that Bi is the point connecting leg i to the base and Pi is the point connecting leg i to the platform. The h e Fo is defmed fixed with the base, its origin is B,, and frame Fp is fixed with the mobile platform with PI as origin.
We place these frames as shown in fig. 1 [29] : ... ...
ii) The inverse kinematic model of a leg, which gives the joint velocities (q,i,q2i,q3i, i = 1 to 6) as a function of v i , which is equal to Vpjrepresenting the linear velocity of point Pi:
'J;' is the inverse Jacobian matrix of leg i. Note that, the Jacobian matrix of the terminal p i n t of leg i projected into frame F3i, see fig. 2 , is obtained as:
With L, the length of leg i. The inverse of "J, is given analytically as:
Note that:
iii) Calculation of ( -7 m: : l h P ) (13) vi is the Cartesian velocity of point Pi, it is given by equation (15).
C. Inverse dynamic model of the robot
The Newton-Enler equation of the platform is given by (16) relation (6).
~I
Thus, the dynamic model is given by applying (12) as:
Relation (27) is the same as that given in [29] , hut the demonstration here is more direct and easy to obtain. (fig.3) . the fmt joint of the universal joint and the third joint which is a prismatic one. 
-
This matrix is the same as that of Gough-Stew-thus using equation (26):
Finally, the inverse dynamic model is given by the use of eauation (12) as:
Inverse dpamic model ofthe robot V. Dynamic modeling of the C5 robot A. Description of the C5 robot The C5 parallel robot consists of a base and a platform l i e d together by six h e a r actuators ( fig. 4) [15,31] . Each leg is embedded in the base at point Bi and linked to the mobile part through a C5 joint at point Pi. Each C5 joint consists of a spherical joint tied to two cross sliding plates (pint Pi is located at-the centre of the corresponding spherical-joint).
B. Inverse dynamic model
Since each leg has just one joint and is a motorized variable.
We calculate directly 2 without using equation (9) . In fact it is easv to deduce that: 
With I, the (4x4) identity mahix. Using equation (12) we can write the dynamic model as follows:
-Newton Euler Equations of theplarfonn
Where:
J, is the (4x4) Jacobian matrix of the robot, H , is calculated by taking into account the parallelogram loop for the three identical leg, by the use of relation (1) VII. Conclusion
In this paper, we present a general method to calculate the inverse dynamic models of parallel robot. The model is expressed in terms of one equation, which is a function of the dynamic model of the legs and the dynamics of the platform and three Jacobian matrices. The method is applied on four robots with different degrees of fieedom and different structures.
